Several methods have been described to both evaluate and document progression in keratoconus and to show efficacy of cross-linking, however, there are no consistent generally accepted parameters. Modern corneal tomography, including both anterior and posterior elevation and pachymetric data can be used to screen for ectatic progression, be employed to detect earlier change and additionally to show efficacy of new treatment modalities, such as crosslinking.
INTRODUCTION
Keratoconus was first described in detail in 1854 as a chronic, non-inflammatory ectasia of the cornea. It is the most common primary ectasia and is characterized in its advanced state by corneal steepening, visual distortion, apical corneal thinning, and central corneal scarring. [1] [2] [3] Corneal thinning typically occurs inferotemporal and central, although superior thinning has also been described. 4 Keratoconus usually becomes apparent during the second decade of the life or earlier and typically progresses until the 4th decade of life, when progression slows or stabilizes. The corneal thinning induces irregular astigmatism, myopia, and conical protrusion, leading to mild to marked impairment in the quality of vision, and often has a significant impact on patient's quality of life. 1 Keratoconus is relatively uncommon with a reported annual incidence of 2 per 100,000 and prevalence of 54.5 per 100,000, though rates vary greatly in different geographic regions. [5] [6] [7] Keratoconus typically affects both eyes, although only one eye may be affected initially. [8] [9] The disease may be highly asymmetric [8] [9] and ocular symptoms and signs of keratoconus vary depending on disease severity. Early in the disease and in subclinical keratoconus, there may be minimal or no symptoms, whereas in advanced disease, there is significant distortion of vision accompanied by profound visual loss. 10 Several classification systems for keratoconus have been proposed. [11] [12] [13] [14] [15] [16] [17] [18] [19] The Amsler-Krumeich (AK) system is amongst the oldest and still widely used. In the AK system, the severity of keratoconus is graded from stages I-IV using spectacle refraction, central keratometry, presence or absence of scarring, and central corneal thickness. 20 The AK classification predated modern imaging technologies. Others have used this system with various modification and additions in an attempt to better diagnosis or characterize the severity of disease. 21, 22 
DOCUMENTING ECTATIC PROGRESSION
In addition to the various classification and grading systems described in the literature, having a standardized method to document ectatic progression is equally important. The clinical decision to recommend treatments, such as corneal cross-linking is based largely on progressive ectasia. According to Global Consensus on Keratoconus and Ectatic Diseases (2015), there is no consistent or clear definition of ectasia progression, however, reports "ectasia progression" can be defined by a consistent change, with magnitude above the normal noise of the testing system, in at least two of the following parameters: Steepening of the anterior corneal surface, steepening of the posterior corneal surface, and thinning and/or an increase in the rate of corneal thickness change from the periphery to the thinnest point. The panel acknowledged that specific quantitative data were not yet available to further define progression, however, recommended consistency of testing methods and shorter intervals between testing and examination for younger individuals. 23 Several methods have been described to both evaluate and document progression in keratoconus. More recent systems utilized serial topographic analysis alone to attempt to document disease progression. [24] [25] [26] The most commonly used parameter being maximum anterior sagittal curvature (Kmax), which is also frequently applied with respect to determining cross-linking efficacy 27, 28 and progression of keratoconus postoperatively. [29] [30] [31] A number of newly proposed systems use complex keratometric indices to describe progression. 22, 26 For example, Kanellopoulos et al looked at seven anterior surface pentacam-derived topometric indices: The index of surface variance (ISV), demonstrating corneal surface irregularity; index of vertical asymmetry (IVA) measuring curvature symmetry with respect to the horizontal meridian; keratoconus index, the ratio of mean radius value in the upper segment to mean radius value in the lower segment; central keratoconus index, the ratio of mean radius value in a peripheral ring to mean radius value in a central ring; index of height asymmetry, a calculation of height data symmetry between the superior and inferior areas with respect to the horizontal meri dian; index of height decentration (IHD), representing the amount of decentration of elevation data in the vertical direction; and minimum radius of curvature, the smallest radius of sagittal corneal curvature, representing the maximum steepness of the cone. The authors concluded that the ISV and IHD, reflecting anterior surface variance across the cornea, may be the most sensitive and specific criteria in making an early diagnosis and assessing progression in keratoconus patients. 22 In a longitudinal study, Li et al identified videokeratographic indices predictive for the development of keratoconus in the normal eye of unilateral keratoconus patients. Specifically, the authors found that higher keratoconus percentage index (KISA) and inferior-superior dioptric asymmetry value (I-S) are valuable in identifying patients at risk of progressing to keratoconus. 26 The limitation of anterior surface parameters is their failure to depict early or subclinical disease and the likelihood for visual loss to already occur prior to documenting progression. [32] [33] [34] [35] [36] The role of refractive parameters has also been used to detect ectatic progression. 28 These include: Observing for change on the posterior elevation maps, change in best corrected distance visual acuity, reduction in apical corneal thickness, or an increase in anterior corneal asymmetry. However, to the best of our knowledge, none of these have been validated in peer-reviewed literature as methods to monitor progression. Additionally, these methods suffer from either being limited only to the anterior cornea or representing a small portion of the cornea, which may not properly depict changes in the ectatic region. Visual acuity methods are very variable 36 and corneal thickness measurements are typically altered (thinned) after cross-linking, limiting its value to document treatment efficacy as well. 41 It has been suggested that tomographic-derived pachymetry may be a more valuable method to document ectatic disease and follow progression. 32, 42 Furthermore, changes in posterior corneal curvature [32] [33] [34] and corneal asymmetry have been shown to be additional methods of detecting early disease progression.
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TOMOGRAPHIC-BASED ASSESSMENT OF ECTATIC PROGRESSION
Modern corneal tomography (as opposed to topography) allows for the measurement of the anterior and posterior corneal surfaces as well as the anterior lens. 45 With this information, both corneal thickness and anterior chamber depth can be computed. Early ectatic change is typically seen on the posterior corneal surface prior to anterior changes ( Fig. 1) . 33 Additionally, alterations in the corneal thickness, such as a more rapid change from the thinne;st point to the periphery can be seen in early keratoconus even with normal appearing anterior and posterior maps (Fig. 2) . 42 The additional information available from anterior segment tomographic devices has led to the development of various refractive surgery screening programs. 14, 42, [46] [47] [48] [49] One such program is the Belin-Ambrosio enhanced ectrasia display (BAD). The BAD display (available on the Pentacam, OCULUS GmbH, Wetzlar, Germany) utilizes both anterior and posterior elevation data and pachymetric data to screen for ectatic change. 50, 51 It displays the elevation data against the commonly used bestfit-sphere (BFS) taken from the central 8.0 mm zone, but also uses a new reference surface called the "enhanced reference surface (ERS)." While the BFS is both quantitatively and qualitatively useful, the clinician typically assumes that the reference surface closely approximates a "normal" cornea. This is actually not the case for ectatic corneas where the reference surface (typically a BFS taken from the central 8 mm zone) incorporates all data from the specified zone including normal and abnormal cornea. 50, 51 In the case of keratoconus or ectasia, the cone will have a steepening effect on the BFS. 48, 50, 51 This steepened BFS will minimize the elevation difference between the apex of the cone and the BFS. The concept behind the ERS is to generate a reference surface that more closely resembles the patient's own normal portion of the cornea as this will further magnify any existing ectatic pathology. To generate this new reference surface, a small diameter optical zone (exclusion zone) centered on the thinnest portion of the cornea is excluded from the 8.0 mm optical zone used for the standard BFS computation. The "enhanced BFS" is generated by utilizing all the valid elevation data from within the 8.0 mm central cornea, and outside the exclusion zone (Fig. 3) .
The exact size of the exclusion zone varies between 3.0 to 4.0 mm based on a proprietary algorithm, but is typically 3.0 mm for keratoconic corneas. The resulting new reference surface, ERS, more closely approximates the more normal peripheral cornea and exaggerates any conical protrusion. The ERS was not only qualitatively useful in visualizing subtle or early ectatic change (Fig.  4) , however, the elevation difference between a standard BFS and the ERS also proved to be highly significant quantitatively in separating normal eyes from those with ectatic change. 51 The choice of the exclusion zone centered on the thinnest point was multifactorial. The size of the exclusion zone had to be large enough to have more global representation than single parameters, such as Kmax, however, if the area was too large, more "normal" cornea would be included. Extensive comparative testing resulted in the selection of a variable 3.0 to 4.0 mm exclusion zone. 50, 51 The ERS works because the exclusion zone centered on the thinnest point incorporates the major ectatic region. Excluding this zone from the standard 8 mm BFS results in a reference surface that closely mimics the more normal portions of the cornea.
A similar concept has been used in a new keratoconus grading system. 52, 53 As opposed to excluding the 3.0 to 4.0 mm zone to normalize the reference surface, we employed the exclusion zone centered on the thinnest point as this area more globally represents the ectatic region than a single point parameter, such as Kmax or maximal elevation. The newly described ABCD kerato conus grading system uses the anterior and posterior radius of curvature taken from the 3.0 mm zone centered on the thinnest point ("A" for anterior, "B" for back surface) and the corneal thickness at the thinnest point ("C" for corneal thickness) as well as best-corrected distance visual acuity ("D" for distance visual acuity). This new classification/grading system has advantages over the older Amsler-Krumeich classification in that it recognizes the importance of the posterior corneal surface and each component (anterior, posterior, thickness, visual acuity) is individually graded. The "Belin ABCD" grading system has been incorporated in the OCULUS Pentacam software as part of the topometric/keratoconus grading display (Fig. 5) . The determination of progression is a major determinant in the decision of when and if to that a patient. Additionally, the same parameters can be used to determine crosslinking efficacy. As with the older grading systems, the problem with many of the commonly used progression parameters is that they were either limited to the anterior corneal surface, were measured on the corneal 
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apex, or were single point parameters which often do not adequately reflect the cone (e.g., Kmax, apical pachymetry) ( Table 1) . Changes in the cone may occur with minimal changes in the apical cornea. This would be particularly true for decentered cones. Additionally, changes on the posterior cornea may occur without concurrent anterior changes and they may be posterior progression in spite of a normal anterior surface (subclinical keratoconus) (Fig. 6 ). Progressive posterior ectasia will be accompanied by further corneal thinning, however, this may not be detected by only taking measurements at the corneal apex.
Measuring corneal thickness change at the thinnest point should be a more sensitive indicator of progression than apical pachymetry. Changes to the anterior and posterior BFS taken from the 3.0 mm zone centered on the thinnest point should also be a more sensitive indicator of cone progression. Because all three parameters are centered on the thinnest point (surrogate for center of the cone) and limited to the conical region, they should reflect change earlier than more global parameters (e.g., IHD, ISV) and/or parameters measured from the corneal apex. To utilize these parameters as indicators of prog ression, the normal measurement noise needs to be known. This allows us to separate true change Measurement noise of the three parameters [corneal thickness at the thinnest point and anterior and posterior radius of curvature (ARC, PRC) taken from the 3.0 mm optical zone centered on the thinnest point], was determined in both normal and keratoconic populations as it is well known that measurements in distorted corneas are more variable. We choose to sample a normal population because of the clinical importance in determining progression in borderline, subclinical cases or in early pediatric cases. Here, the normal patient variation is probably more applicable and more closely approximates very early disease than values determined from known cases of keratoconus. There are many surgeons who promote cross-linking in children at the first sign of ectatic change. Here, using parameters deduced from keratoconus patients would probably delay treatment.
To determine the suitability of the above three parameters as potential progression determinants, both a pooled variance estimate and a one-sided confidence interval were computed using both Statistical Package for the Social Sciences version 23 (IBM Corp., Armonk, New York) and STATA 13 (StataCorp LP, College Station, TX). A onesided confidence interval was chosen because progression is indicated by thinning and/or steepening of the anterior and/or posterior corneal surfaces. For each of these parameters (corneal thickness, ARC, PRC), a decrease would be indicative of progression. Both the 95 and 80% confidence intervals were determined since the risk/benefit ratio for medical/surgical intervention would vary based on the age of the patient, family history, condition of the other 
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eye, etc., and both the physician and patient's decisions could vary based on a multitude of factors including the risk aversion of the patient and/or surgeon. The standard deviation and one-sided confidence intervals for the normal database were previously reported. 56 The keratoconic data were generated by examining three repetitive exams from known keratoconus patients taken on the same day at the University of Auckland, Department of Ophthalmology (Auckland, New Zealand). All patients were fully removed from the Pentacam between exams. Initial exams were reviewed by a fellowship trained corneal specialist (JJM) for suitability. Data files (U12 files) were then exported and analyzed (MB, MWB). All study patients had bilateral disease and one eye was randomly selected for analysis. A total of 252 exams from 84 patients were utilized to generate measurement standard deviations and 80 and 95% one-sided confidence intervals (Table 2) .
BELIN ABCD PROGRESSION DISPLAY
The Belin ABCD progression display was designed to graphically display the ABCD parameters over time with their associated 80 and 95% confidence intervals for both the normal (green broken line and solid green respectively) and keratoconic database (red broken line and red solid respectively). The baseline exam (BE) can be marked and the time of treatment (e.g., cross-linking)
can be noted and shown by the black and white checkered line. Up to eight exams can be displayed and are automatically loaded by the Pentacam (Graph 1). Each parameter can then be examined over time and compared to the individual confidence intervals ("D" distance spectacle visual acuity does not have confidence bars). Furthermore, treatment efficacy can be evaluated by examining the postoperative data in a similar fashion. In addition to the graphical display of the primary ABCD parameters, ten additional tomographic/topographic parameters (BAD "D", progression index average, Ambrosio relational thickness maximum, Kmax, Q value 6.0 mm zone front, Q value 6.0 mm zone back, ISV, IVA, IHD, and the ABCD classification) are shown in tabular form.
Graph 1 is illustrative of the features of the display. Five exams are shown, with the first two documenting significant change and the subsequent three post crosslinking exams demonstrating the efficacy of the treatment. Graph 2 shows two exams over a six-year interval from a known untreated keratoconus patient with marked progression of both the anterior and posterior ectatic regions, minimal progressive thinning, and a marked loss in visual acuity. Graph 3 documents the clinical utility of the progression display. This is the "normal" appearing right eye of a patient with known keratoconus in the left eye. Since the patient was asymptomatic and in
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their mid-thirties, the physician was comfortable offering no treatment. The ABCD progression display, despite an A0B0C0D0 classification, documents progressive change suggesting that treatment may be warranted or minimally closer observation.
CONCLUSION
As noted earlier, according to Global Consensus on Keratoconus and Ectatic Diseases (2015), there is no consistent or clear definition of ectasia progression. 23 The panel defined progression by a consistent change in at least two of the following parameters: Steepening of the anterior corneal surface, steepening of the posterior corneal surface, and thinning and/or thinning or changes in the pachymetric rate of change. The panel, however, acknowledged that specific quantitative data to define progression is lacking. 23 Our goal was to evaluate the "ABCD" parameters, determine the quantitative values and to access their suitability as progression determinants. Both the 95 and 80% one-sided confidence intervals for all three parameters were surprisingly small, suggesting that they may perform well as progression determinants. Measurements were performed both on normal patients and known keratoconic patients. Normal subjects were chosen as these values probably better reflect early disease than values generated from known keratoconus patients. These parameters were graphically displayed with their accompanying confidence intervals in the Belin ABCD progression display currently available on the OCULUS Pentacam. These parameters were partially chosen because they would be simple to incorporate in any tomographic imaging system. The use of the progression display in addition to the ABCD grading system should offer an improved method of classifying and grading keratoconus and assist in documenting progression of disease.
